Introduction
Transition metal nitrides attract considerable interest for their properties and potential technical applications [1] [2] [3] [4] . Both theoretical and experimental effort has gone into studying the early transition metal nitrides [5] [6] [7] [8] [9] [10] [11] [12] . The 4d and 5d series of late transition metals Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au, also known as noble metals, are generally considered not to form nitrides [1] , although Cu 3 N and Cu 3 MN have been reported [13, 14] . Despite the wide interest in making ever better nitrides for applications, the noble metal nitrides have evaded discovery until the recent synthesis of gold [15] , and platinum nitrides. In fact, the recent highest pressure of a new material, PtN, was synthesized and recovered in zincblende structure back to atmospheric pressure, by Gregoryanz et al. [16] . As for theoretical progress, ab initio quantum mechanical calculations of the atomic and electronic structures allow the theoretical modelling of new materials permitting their properties to be predicted, and suggesting new syntheses. In fact the structural and electronic properties of cubic PtN have been extensively studied using various theoretical calculations [17] [18] [19] [20] [21] [22] . Young et al. [23] have performed first-principles calculation and experimental studies of PtN, finding its structure to be elastically unstable. A fluorite-type structure was therefore suggested with a composition of PtN 2 [23] . These explorations motivated us to study theoretically different crystal structures of copper nitrides as possible candidates as hard noble metals. In particular, we are interested in studying the compound with 1:1 stoichiometric ratio of Cu:N and fluorite structure CuN 2 . Section 1 of this paper gives our first-principles planewave pseudo-potential calculations with density functional theory (DFT) to investigate the structural, mechanical, electronic, bonding and thermal properties of three phases of copper nitrides: zincblende (ZB), rocksalt (RS), and fluorite (C1) phases. In the next section, we detail the crystal structure and the employed method of calculation. In Section 3, we examine the structural and mechanical stability by calculating the structure parameters and elastic constants. In Section 4, we pay more attention to the electronic properties and bonding characteristics and their relation to the possible covalent/ionic bonding characters. In Section 5, we conclude with temperature effects on both thermal expansion parameters and specific heat.
Description of crystal structure and method of calculation
We consider three possible phases for copper nitrides: ZB (space group F43m), RS (space group Fm3m), and fluorite C1-like structure (space group Fm3m). ZB, RS and C1 phases consist of three lattice constants of the conventional unit cell , , and . The basis consists of a coppy atom at (0,0,0) and nitrogen at 1 α (1,1,1), where = = . The first and third phases have α = 4, while the second has α = 2. For the crystal structure of fluorite-type structure, the copper atoms form a facecentered cubic (fcc) lattice, while nitrogen atoms occupy all of the tetrahedral interstitial sites.
Our calculations use first-principles total energy calculations based on DFT applying the generalized gradient approximation (GGA) using the scheme of Perdew, Brouke and Ernzerhof [24] and also tools specific to CASTEP code [25] [26] [27] [28] . These include norm-conserving and ultra-soft pseudopotentials (UPP) [29] , a plane wave (PW) basis set, and use of -point sampling techniques and the BroydenFletcher-Goldfarb-Shanno (BFGS) scheme for optimizing geometry, etc. Major advantages of the PW based approach are: the ease of computing forces and stresses; good convergence control with respect to all computational parameters employed; favorable scaling with the number of atoms in the system and the ability to make cheaper calculations by neglecting core electrons. Our calculations used the valence electron sets but employed an UPP representation to describe the core electrons. For our systems we use PW cut-off energy of 320 eV, with a Monkhorst-Pack -point mesh in the Brillouin zone [29] about 10 × 10 × 10 for ZB and RS-CuN and with 9 × 9 × 9 for CuN 2 . The convergence is assumed when the forces on atoms are less then 0.03 eV/Å. Mulliken charges and bond populations where calculated by projecting the PW Kohn-Sham eigenstates onto the atomic basis sets.
Structure and elastic constants
The equilibrium lattice parameters and the bulk modulus, listed in Table 1 for CuN in the ZB, RS, and fluorite structures, were calculated through total energy. We have obtained larger lattice parameters for the C1 type than those reported for the ZB and RS types. This result seems reasonable because, in C1-type structure, the nitrogen atoms all occupy the tetrahedral interstitials of the copper sublattice. The octahedral interstitials are left empty because nitrogen atoms are too small to be stabilized in the octahedral interstitials of the noble nitrides. The lattice constant of the RS structure is smaller, but close to the ZB structure's one. Although the nitrogen atoms fill the same face-centered-cubic lattice formed by the metal atoms in the RS and ZB structures, the volume of the octahedral interstitial sites (where nitrogen atoms reside in the RS structure) is larger than that of the tetrahedral interstitial sites (occupied by nitrogen in the ZB structure). When we compare our results for CuN to pure fcc-Cu ( 0 = 3 615 Å, B = 133 GPa [32] ), we observe that alloying copper with nitrogen makes the nitride harder than the metal. Thus, the copper nitride phases are less compressible than the pure metal.
In order to complete the mechanical stability description of these systems, we obtain a set of zero-pressure elastic constants from the resulting change in total energy on the deformation. The elastic constants C were calculated within the total-energy method, where the unit cell is subjected to a number of finite-size strains along several strain directions. Cubic lattices have three independent elastic constants [33] , namely, C 11 , C 12 , and C 44 . These constants obey the following relations:
where B is the isotropic bulk modulus, C is the resistance to shear deformation across the Table 1 . Furthermore, the mechanically stable phases or macroscopic stability is dependent on the positive definiteness of stiffness matrix [34] . For a stable cubic structure, the independent elastic constants should satisfy the well-known Born-Huang criterion [35] , given by:
It can be seen that the CuN in ZB, RS and C1 phases are mechanically stable because all elastic constants are positive and satisfy the Born mechanical stability restrictions. To ascertain the stiffness of the solid, we compute Young's modulus, the ratio between linear stress and strain. Young's modulus can be calculated from Hill's [36] shear (G) and bulk moduli through the following equation:
The value of G has been obtained by taking the arithmetic mean of the computed Reuss (R) [37] and Voigt (V) [38] approximations,
where
and
Then, Poisson's ratio ν was obtained for polycrystalline compound species from B, G V and Y V as:
Our calculated values for bulk modulus, shear modulus, Young's modulus, and Poisson's ratio of all structures are summarized in Table 1 , within the Voight-Reuss-Hill bounds [34] . The shear modulus of the RS phase is evidently higher than those for the C1 and ZB phases. The larger shear and Young's moduli are mainly due to its larger value for C 44 . Moreover, our computed Poisson's ratio of the RS phase is considerably smaller than the C1 and ZB phases. The smaller value of Poisson's ratio indicates that the RS phase is relatively stable against shear; a stronger degree of covalent bonding results in the higher hardness. In fact, Poisson's ratio can formally take values between -1 and 0.5, which correspond, respectively, to the lower bound where the material does not change its shape and to the upper bound when the volume remains unchanged. It has been proved that ν = 0 25 is the lower limit for central-force solids and 0.5 is the upper limit, which corresponds to infinite elastic anisotropy [39] . All the calculated Poisson's ratio values are larger than 0.25, which means that CuN phases are affected by central contributions. The elastic anisotropy of crystals has an important implication in engineering science since it is highly correlated with the possibility to induce microcracks in the materials [40] . The anisotropy factor for cubic crystals [41] is given by
In addition, this factor may provide insight on the elastic anisotropy of the present CuN phases. The shear anisotropic factors obtained from our theoretical studies are given in Table 1 . For a completely isotropic material, that is when C = C , the A factor takes the value of 1, while values smaller or greater than unity measure the degree of elastic anisotropy. It is interesting to note that our calculations give values close to unity for the RS phase: a characteristic of highly isotropic systems. This is further confirmed by the fact that G C 44 . On the other side both ZB and C1 phases are showing a certain amount of elastic anisotropy, which might lead to a higher probability to develop microcracks or structural defects during the growing process. One of the most important parameters determining the thermal characteristics of materials is the Debye temperature (θ D ). As a rule of thumb, a higher Debye temperature implies a higher associated thermal conductivity. The knowledge of such a numerical figure is essential for developing and manufacturing electronic devices. At low temperatures, the vibrational excitations arise solely from acoustic vibrations. Therefore, the Debye temperature calculated from elastic constants at low temperatures is the same as that determined from specific heat measurements. In order to estimate Debye temperature, we used the simple Debye-Grüneisen model. The Debye temperature can be defined in terms of the mean sound velocity and gives explicit information about lattice vibrations [42] . It can be determined from the following equation [43] :
where is Planck's constant, B is Boltzmann's constant, N A is Avogadro's number, ρ the density, M the molecular weight, the number of atoms in the unit cell, and the mean sound velocity given by the following relations: 
where and are longitudinal and transverse elastic wave velocity of the polycrystalline materials and can be obtained using the polycrystalline shear modulus and bulk modulus from Navier's equation [44] . The calculated Debye temperatures are listed in Table 1 . Our model predicts a relative high θ D value, indicating a rather stiff lattice and therefore good thermal conductivity. The progressive decrease of mean sound velocities in the RS−→ZB−→C1 phases further explains the proneness of lowering Debye temperatures along the same sequential order. Further properties depending on temperature will be given in the last section. 
Electronic properties and bonding characteristics: Mulliken population and electronic localized function
For a detailed description of electronic properties using the GGA, Fig. 1a, 1b and 1c shows the total (TDOS) and local densities of states (LDOS) for the ZB, RS, C1 phases, respectively. We can decompose the LDOS into three energy regions: (i) the lowest region stemming mainly from N-2s states; (ii) the region at the bottom of the valenceband complex dominated by unoccupied 3d noble metal states; (iii) the upper region of the valence-band complex cut by E F and mainly due to Cu-3d states mixed with N-2p states. It can be observed that the N-2p states hybridize strongly with the Cu-3d states. We can thus consider that two main factors are at origin of the electronic structure of the cubic copper nitride compounds. The first factor is the expansion of the face-centered-cubic lattice compared to the pure Cu lattice due to the insertion of the nitrogen atoms at the tetrahedral interstitial sites. The second factor is the interaction between the Cu-3d electrons and the N-2p electrons.
In order to obtain a deeper insight into the bonding character, we calculate the Mulliken population. Table 2 shows the orbital charges and the effective valence of both Cu and N species for the phases under consideration. The effective valence for the Cu cation is +0.36, +0.38 and +0.23 in the ZB, RS and C1 phases respectively. These values are representative of the concurrent ionic and covalent bonding confirming a part of results of our previous calculations with full potential ab initio calculations [31] . Although it is difficult to put a figure on the level of ionicity and covalency using the effective valence concept, the type of bonding and its level can be determined by calculating the Mulliken bond population as reported in Table 3 . We can see that the bond population and bond length (mainly Cu-N) for the ZB are in the same order of those of RS. Compared to the C1 phase, the bond population decreases although the bond length still of the same order of those of the ZB and RS phases. It is important to notice that a high positive bond population indicates a high degree of covalency in the bond, and positive and negative values indicate bonding and anti-bonding states respectively. From our results, the negative values (and then the anti-bonding states) are found in the C1 phase, between the nitrogen atoms. If we compare the bond population of all three phases, we can conclude that ZB is the most covalent, followed by RS and C1 phases.
To further elucidate the nature of chemical bonding, we have calculated the electronic localized function (ELF) 1 [45] using the Exciting code [46] . The ELF has proven to be a useful companion to the density in the task of providing us with insightful intuition on the electronic structure. In fact, when ELF = 1, it corresponds to perfect electron localization. In Figure 2 , we sketch the ELF 3D contours and gave specific bond lengths of CuN in ZB, RS and C1 structures. It is clear that the Cu-N bonds are stronger than N-N bonds for CuN in ZB, RS and C1. On the other hand, for the C1, the ELF analysis indicates that the Cu-N bonds are considerable weaker than of the ZB and RS structures (thus a much lower C 44 value for the C1 structure). The ELF contours reveals areas with a considerable charge accumulation (at nitrogen sites) and dissipation (at Cu sites) as to indicate that charge transfer is not a negligible effect in CuN for ZB, RS and C1 structures. Most of the electronic charge transferred to the nitrogen atoms comes from regions where the covalent Cu-Cu interactions are taking place. 
Temperature effect
In order to investigate the thermodynamic properties, we studied thermal effects within the quasi-harmonic Debye model at high temperatures and pressures as implemented in the GIBBS program [47] . We obtained E − V data for the optimized CuN structures at P = 0 and T = 0, and then derived the macroscopic properties as functions of p and T from standard thermodynamic relations. Applying this model, we have successfully investigated the structural and thermodynamic properties of CuN in all the considered phases. The obtained pressure dependencies of the normalized volume is illustrated in Fig. 3 . To further investigate the thermal anisotropy of our systems, we calculate the linear thermal expansion parameters and in the inter-layer direction, by the following equation at zero pressure: (14) where represents the lattice parameter ( for our cubic structure). At room temperature, we obtain 1 90 × 10 The obtained heat capacities, C , at P = 0 are plotted in Fig. 4 showing that, when T > 500 K, C depends on both temperature and pressure. This is due to the anharmonic approximations of the Debye model used in our calculation. However, at higher temperature, the anharmonic effect on C is suppressed, and C is very close to the Dulong-Petit limit which is followed by all solids at high temperature. In the same Fig. 4 , we present at P = 0 the temperature dependencies of thermal expansion α. The thermal coefficient α also increases with T 3 at lower temperatures and gradually approaches to a linear increase at higher temperatures, and that the propensity to increase becomes moderate [48] . Moreover, the variation of thermal expansion coefficient with temperature is similar to that of C . Our results show that both of C and α are sensitive to the structure type of these copper nitrides.
Summary
In summary, we have carried out a plane wave pseudopotential ab initio calculations of structural, elastic, electronic, bonding, and thermal properties for different cubic phases for the copper nitrides. There is a concurrence between ionic and covalent character in the phases considered. The bond population calculation confirms that zincblende is the most covalent of these phases. Bonding nature was analysed using the electronic localized function. Our results provide a basis for closer investigation of new copper nitride properties. We used the quasiharmonic Debye model to study the effect of temperature on the variation of linear thermal expansion parameters and the specific heat. We are not aware of any experimental data or theoretical calculations on the copper nitrides, so we consider these results as a prediction study for these compounds.
